During V(D)J recombination, the coding ends to be joined are extensively modified. Those modifications, termed coding-end processing, consist of removal and addition of various numbers of nucleotides. We previously showed in vivo that coding-end processing is specific for each coding end, suggesting that specific motifs in a coding-end sequence influence nucleotide deletion and P-region formation. In this study, we created a panel of recombination substrates containing actual immunoglobulin and T-cell receptor coding-end sequences and dissected the role of each motif by comparing its processing pattern with those of variants containing minimal nucleotide changes from the original sequence. Our results demonstrate the determinant role of specific sequence motifs on coding-end processing and also the importance of the context in which they are found. We show that minimal nucleotide changes in key positions of a coding-end sequence can result in dramatic changes in the processing pattern. We propose that each coding-end sequence dictates a unique hairpin structure, the result of a particular energy conformation between nucleotides organizing the loop and the stem, and that the interplay between this structure and specific sequence motifs influences the frequency and location of nicks which open the coding-end hairpin. These findings indicate that the sequences of the coding ends determine their own processing and have a profound impact on the development of the primary B-and T-cell repertoires.
The large repertoire of immunoglobulin (Ig) and T-cell receptor (TCR) variable regions is generated during V(D)J recombination by two main sources of diversity (34) . Combinatorial diversity derives from the assembly of one of the many variable (V), diversity (D), and joining (J) gene segments to form a V(D)J exon and, subsequently, from the pairing of the two chains of the heterodimeric receptor. Junctional diversity is created by extensive nucleotide modification at the junctions during the assembly of the gene segments. V(D)J recombination is therefore the earliest mechanism generating diversity in the primary B-and T-cell repertoires.
The proper rearrangement of the various gene segments requires the presence of recombination signal sequences (RSS) adjacent to each coding segment. This signal consists of conserved heptamer and nonamer sequences separated by a nonconserved spacer region of 12 or 23 bp (called 12-bp RSS and 23-bp RSS, respectively) (1, 12) . The initial DNA break is performed by the RAG1-RAG2 complex, which binds to the RSS and makes a single-strand cut at the 5Ј end of the heptamer at the precise border of the coding end and the RSS (23) . The phosphodiester bond of the complementary strand opposite to the initial nick is then attacked by direct transesterification, resulting in a covalently sealed hairpin coding end and a blunt signal end.
To proceed through the recombination process, the DNA hairpins formed by the coding ends have to be resolved into free ends, which is presumably done by double-or singlestrand nicking of the hairpin. As we previously proposed, the position of the nick(s) may play the key role in the formation of junctional diversity (27) . Indeed, a nick(s) occurring on only one strand of the hairpin results in a 3Ј or 5Ј protruding single strand carrying the palindromic last nucleotides of the opposite strand, known as P nucleotides (18, 21, 24, 25, 31) . P regions are usually observed to be only 1 or 2 nucleotides long, but P regions of 3 to 4 nucleotides are not uncommon in normal mice and very long P regions (up to 15 nucleotides) are frequently observed in SCID mice (16, 32) . The longer P regions in normal and SCID mice demonstrate that singlestrand nicks are not restricted to the tip of the hairpin. However, in contrast to the formation of P regions, singlestrand nicks on both strands of the hairpin (or double-strand nicks) result in deletion of part of the coding ends, generating blunt 3Ј or 5Ј protruding single strands, depending on their location on each strand. Once coding ends are opened up, more modifications can take place, such as the addition of nontemplated (N) nucleotides with terminal deoxynucleotidyl transferase (9, 15, 17, 19) . However, there is no firm evidence to date for the presence of exonuclease activity, proposed to explain coding-end deletions before the discovery of the hairpin intermediate. In fact, we previously showed that the extent of nucleotide deletion is not affected by N-region addition, suggesting either that all exonuclease activity is complete before N addition or that little or no exonuclease activity is present during coding-end processing (28) . This lends support to our model, for which we propose that the particular locations of hairpin nicks determine most of the nucleotide deletion and P-region addition. Eventually, the ligation of one pair of strands marks the end of the modifications of the coding ends, since any noncomplementary bases on the nonligated strands will be eliminated from the final joint. The sum of all modifications of the coding ends, from hairpin resolution to the ligation, is referred to as coding-end processing.
It has long been thought that this coding-end processing was random. However, we and others have recently shown that nucleotide deletion and P-region addition are influenced by the coding-end sequence (3, 7, 25, 27, 28) . In our recent study of a large database of several Ig and TCR coding ends generated in vivo, we showed that the pattern of coding-end processing was specific for each different coding end (27) . This finding suggested that specific motifs in the coding-end sequence directly influence coding-end processing, possibly by creating preferential sites for the nicks to take place. We found a good correlation among the presence of internal stretches of at least three A ⅐ T nucleotides, the absence of stretches of G ⅐ C, and high average levels of nucleotide deletion. We therefore proposed a model in which nicks of the hairpin intermediate take place preferentially in potential open structures formed by weaker pairings of A ⅐ T stretches.
However, the diversity of the motifs present in the available Ig and TCR coding-end sequences and the limitations imposed by our in vivo system did not allow us to assess general rules, particularly concerning P-region formation. Therefore, to try to understand further how a coding end influences its own processing and eventually to uncover some of the rules governing nucleotide deletion and P-region addition, we generated a series of recombination substrates and compared the processing of very related coding ends. The two major advantages of using recombination substrates are (i) the use of conditions which totally avoid the potential for skewing of the data by prior cellular selection and (ii) the design of substrates containing coding ends which can be modified as desired by the use of exchangeable oligonucleotide "cassettes." Our strategy was then to start from the analysis of actual Ig and TCR coding-end sequences and dissect the role of each motif by making variants containing only one or a few nucleotide changes from the original sequence.
These data clearly document that the influence of local specific motifs on coding-end processing is dependent on the context in which they are found, that complementary coding-end sequences are not equivalent targets for processing, and that minimal nucleotide changes in key positions of the coding-end sequence can dramatically affect its processing.
MATERIALS AND METHODS
Recombination substrate design. The design of our recombination substrates is similar to the ones described by Hesse and colleagues and Lieber and colleagues (11, 22) . Briefly, the two coding ends to be joined, flanked by their RSS, are separated by a termination signal (oop) (Fig. 1 [30] ), was then inserted between the two coding ends. Finally, the CAT gene was added downstream of the construct, followed by the trpA transcription terminator. The whole construct was then inserted in the BamHI site of the DR70 backbone, a pUC19-based vector containing the polyoma early region. Cell lines. Various recombination-competent murine pre-B-cell lines were used for transfection of the recombination substrates. Most of the sequences presented here were from the 103/BCL-2 cell line (a gift from N. Rosenberg, Tufts University, Boston, Mass. [4] ), a temperature-sensitive Abelson murine leukemia virus-transformed cell line which upregulates RAG1-RAG2 expression upon shifting from a permissive (34°C) to a nonpermissive (39.5°C) temperature. 103/BCL-2 cells were cultured at 34°C, shifted to 39.5°C immediately after plasmid transfection for 24 h, and returned to 34°C for 24 h before plasmid harvesting. 18.8, an Abelson murine leukemia virus-transformed pre-B-cell line, was obtained from F. Alt (Howard Hughes Medical Institute, Children's Hospital, Boston, Mass.) and used in early experiments. Recombination activity of 18.8 cells was increased by adding 2 mM caffeine to the culture following plasmid transfection (26) . Both cell lines have TdT activity, and an average of 60% of the sequences obtained contained N regions.
Recombination assay. Cells (20 ϫ 10 6 ) are transiently transfected with 20 g of Qiagen-purified plasmids by electroporation (960 F, 0.3 kV). After 48 h, plasmids are recovered from transfected cells by alkaline lysis, followed by DpnI digestion or DpnI/NotI/SpeI triple digestion. DpnI is a restriction enzyme which cleaves only the bacterium-methylated plasmids and thus eliminates plasmids that did not replicate in the eukaryotic cells. NotI and SpeI digestions preselect for V(D)J-recombined plasmids by cutting the plasmids that did not undergo recombination or that accidentally deleted the termination stop by nonspecific breaks. Digested plasmids are then electroporated into Escherichia coli and plated on plates containing ampicillin (100 g/ml) and chloramphenicol (10 g/ml). Rearrangement of the coding ends deletes the termination signal, permitting transcription of the downstream CAT gene from the P tac promoter 5Ј of the coding ends. Thus, only cells containing a recombined plasmid transcribe the CAT gene and are able to grow on chloramphenicol plates. Colonies grown on the chloramphenicol plates are replated on ampicillin plates, miniprepped, and sequenced as previously described (6) . Junctions created by the two recombined coding ends are identified, and the number of nucleotides deleted from each coding end is determined by comparison to the original full-length sequences (sequence libraries are available upon request). Nucleotides in the junction which could not be assigned to either the coding end or the P region were assigned to N regions. To avoid potential bias due to the replication of rearranged plasmids in the eukaryotic cells, at least two independent transfections were done for each coding end, and more transfections were done if repeats occurred. Duplicate sequences from the same transfection were not included in the analysis.
Statistical analysis. 
where ⌬i is the number of nucleotides deleted from sequence i and n is the number of sequences. An associated 95% confidence interval was calculated according to the formula
The %P value is the percentage of sequences containing P additions. An associated 95% confidence interval was calculated according to the formula p Ϯ 1.96͌[p(1 Ϫ p)/n] where p is %P. Nucleotide numbering. Nucleotides in the coding-end sequences were numbered as follows: N 0 corresponds to the last nucleotide of the coding end, N 1 to N n correspond to the first to the nth internal nucleotide of the coding end, and N ϩ1 to N ϩn correspond to the first to the nth P nucleotide of the coding end.
RESULTS
The association of a coding end with a 12-or 23-bp RSS does not influence its processing. A prerequisite to the study of coding-end processing in the recombination substrate was to test if any factors other than the coding-end sequence itself could affect processing. To test the possibility of an asymmetry in processing based on the relative positioning of the recombinase complex on the synapse, we analyzed the effect of the location of a coding end, relative to that of the 12-or 23-bp RSS, on coding-end processing. We thus constructed a substrate containing the V21 coding-end sequence symmetrically oriented 5Ј33Ј towards the junction on each of the two coding ends to be joined ( Fig. 2Aa and Table 1 ). In this configuration, the sequence polarity of the coding end is the same on both sides as that of the heptamer (in lowercase letters) (5Ј CCTC C-cacagtg 3Ј). The two coding ends are therefore comparable in the plasmid, the only difference being the 12-or 23-bp spacer. Note that in this study, in order to compare processing of an upstream coding end (left side of the joint) to a downstream coding end (right side of the joint), we always refer to the strand associated with the heptamer sequence 5Ј cacagtg 3Ј. This corresponds to the top strand of the coding end in the left arm of the plasmid (from left to right) and to the bottom strand of the coding end in the right arm of the plasmid (from right to left). We then compared the processing of the V21(12) coding end with that of the V21(23) coding end. Comparisons were assessed with three main parameters: the ⌬ value (see Materials and Methods), %P, and the processing profile, which is a graphic representation of the whole sequence library of a given coding end. As shown in Table 1 , the V21(12) coding end and the V21(23) coding end display very similar ⌬ and %P values. In addition, the processing profiles of the two coding ends are almost identical (Fig. 2Ab) , with most of the sequences of the V21(12)-V21(23) library ending at C 0 and C 1 (. . .CCTCC and . . .CCTC, respectively).
These results indicate that (i) the processing patterns are reproducible in vitro, which confirms our previous in vivo results showing that each coding end has a nonrandom, specific, and reproducible processing pattern, and (ii) there is no apparent influence of the 12-or 23-bp RSS on coding-end processing.
There is minimal influence of the paired coding-end partner on the processing of the coding ends. To test if the processing of each of the coding ends of a pair of coding ends could modify each other's processing, we compared the processing of several coding ends when they were associated with different joining partners (Table 1 and (Table 1) , J␥m4, or J␥m6 (not shown), and no or very moderate differences are found in the processing profiles (e.g., with J␥m2) (Fig. 2Bc) . Similar results are found for the V␤8.2 coding end when it is associated with D␤1.1, D␤m1, D␤m3, D␤m4, D␤m5, D␤m9, D␤m10, or D␤m11 (Table 1 , Fig. 2Cc , and data not shown). Figure 2C illustrates the extent of the differences found in the processing of the V␤8.2 coding end.
These results indicate that the processing of one coding end is mainly independent of the processing of its joining partner, which allows us to set together any pair of coding ends in the plasmid. Nonetheless, in this study, most of the coding ends presented below were paired with a fixed partner (V␤8.2 for the D␤ series and VH11 for the J␥ series). It should be noted that since most of the sequences presented in this study contained N regions, the extent of homology-directed recombination was very limited. In the absence of N regions, however, we expected a significant influence of the processing partner in the final joint formation due to homology-directed recombination.
Roles of specific motifs in coding-end processing. To try to understand how specific motifs in the coding ends influence processing, we analyzed the processing of actual Ig and TCR coding end sequences and dissected the role of each motif by making variants containing only one or a few nucleotide changes from the original sequence. For example, the natural D␤1.1 coding end (5Ј GGGACAGGGGGC 3Ј in its coding orientation, or 5Ј GCCCCCTGTCCC-cacagtg 3Ј in our plasmid nomenclature [ Fig. 2Ca , right arm, bottom strand]) is composed of a stretch of five C's followed by a single TGT motif and another stretch of three C's ( Table 2 ). As seen in Fig. 3A (solid line), many of the sequences have deleted the D␤1.1 coding end up to the internal poly(C) stretch, but very few sequences have deleted more. In fact most of the processing coincides with the TGT motif and especially with the exact C6-T5 border. Note that another preferential site is created at the very tip of the hairpin, probably resulting from a singlestrand nick between C 0 and g ϩ1 . However, as was observed for the internal stretch of five C's, very little processing takes place in the stretch of three C's, resulting in only 3% P regions and very few sequences ending with C 1 or C 2 ( Table 2) .
Is the integrity of the TGT motif important to obtain this processing pattern? To answer this question, we changed the central TGT motif to TAT (D␤m1) ( Table 2 ). As can be seen in Table 2 , ⌬ and %P values are very similar for D␤1.1 and D␤m1 coding ends. In addition, Fig. 3A shows overlapping processing profiles, suggesting that TGT and TAT constitute equivalent motifs for processing and/or that the disruption of the poly(C) stretch creates a favorable site.
To see the effect of the location of the TAT motif relative to the poly(C) stretch, we moved the position of the TAT motif along the D␤m1 sequence. In the D␤m3 variant, the TAT motif was shifted 2 nucleotides 3Ј and therefore contained a stretch of seven C's, the TAT motif, and one more C at the tip ( Table 2) . As a consequence, the ⌬ value decreased from 4.3 to 3.5. Similarly, Fig. 3B shows that the processing profile strikingly follows the position of the TAT motif and is therefore also shifted 2 nucleotides 3Ј relative to its position in D␤m1. Similar results were obtained for the D␤m4 variant, in which the TAT motif was shifted one more nucleotide to the tip (Table 2) , namely, a decrease in the ⌬ value and a shift of the processing pattern of one more nucleotide 3Ј (Fig. 3C) . To test how far 5Ј this TAT motif would promote deletion of the D␤1 coding end, the TAT motif was shifted 1 nucleotide 5Ј from its original location (D␤m5) ( Table 2) . With this variant, there was no increase in the ⌬ value and no shift of the processing pattern (Fig. 3D) , although there was a different processing pattern at the tip, indicating that 6 to 7 nucleotides from the tip is the maximum distance for efficient processing of this coding end. These results suggest that disruption of the poly(C) stretch by the TAT or TGT motif promotes nucleotide deletion in any position of the D␤1 sequence up to 6 nucleotides from the tip. In contrast, poly(C) and poly(G) stretches seem to constitute very unfavorable sites for processing. This kind of situation, where processing of an internal motif is predominant independently of its location, is unlikely to be the result of exonuclease activity only, which would have to hydrolyze one by one the nucleotides of a given strand until meeting a blocking structure such as a poly(C) stretch. On the contrary, we observe that the TGT motif, located downstream from the stretch of three C's, still favors deletion around TGT. This suggests, in accordance with our model in which deletion is mainly the result of nicks on both strands of the hairpin, that disruption of the poly(C) stretch by the TAT or TGT motif constitutes a very favorable site for nicking.
Interaction of specific motifs in coding-end processing. If nicks rarely take place in the poly(C) regions, however, all the variants analyzed above have no real "choice" for nicks. We therefore asked what would happen in the presence of a competing site. In the D␤m10 variant, we introduced a CAT motif at the tip of the coding end, instead of CCC in D␤m1 ( Table  2) . As shown in Fig. 3E (dashed line) , the poly(C)-TAT border still constitutes a preferential site for processing, but in this variant another site which corresponds to the precise position of the competing CAT motif can be observed. Thus, it seems that in D␤m10, TAT and CAT motifs do not interfere with each other and constitute independent and apparently equivalent sites for nicking. Note also that nicks between C 2 and A 1 in D␤m10 do not generate P regions (%P ϭ 1.6) ( Table 2) , suggesting the occurrence of nicks on both strands.
We then asked again the initial question of whether TAT and TGT motifs are equivalent for processing, but this time in the context of a competition situation. The D␤m11 variant is identical to D␤m10, with the exception that it has a TGT central motif instead of TAT ( Table 2 ). As seen in Fig. 3F (dashed line), most of the processing of the D␤m11 variant takes place at the poly(C)-TGT border, as was initially seen in the D␤1.1 coding end (Fig. 3A [solid line] ). However, this time there was no equivalent processing at the CAT site. The CAT motif therefore constitutes a preferential nicking site only in the context of the central TAT motif (D␤m10), not in that of TGT (D␤m11). This indicates that TGT and TAT do not constitute equivalent motifs in a competition situation and suggests that the influence of local motifs on coding-end processing can be dependent on the context in which TGT and TAT are found.
In summary, these results indicate that (i) poly(C) and poly(G) stretches constitute very unfavorable sites for nicks; (ii) the disruption of poly(C) and poly(G) stretches by all motifs tested (TAT, TGT, or ATA [see below]) constitutes a very preferential site for nicking, up to 6 nucleotides from the coding end; and (iii) the influence of local specific motifs on coding end processing is dependent on the context in which the coding ends are found.
Complementary sequences are not equivalent targets for single-strand nicks. In vivo, some coding ends have been found to display a high proportion of sequences with P nucleotides while others have few or none. Unlike nucleotide deletion, the formation of P nucleotides requires that the hairpin be nicked on only one strand, raising the possibility of an asymmetry in the nicking process.
J␥1 is a coding end that has been shown in vivo to have a high number of P ϩ2 nucleotides (9, 17) . To test the putative asymmetry in the hairpin cut, we designed a recombination substrate containing VH11 and J␥1 coding ends (illustrated in Fig. 2Ba ). We chose the VH11 sequence because the last four nucleotides (5Ј GATA-heptamer 3Ј) are complementary to J␥1 (5Ј CTAT-heptamer 3Ј) ( Table 3 ). As shown in Table 3 , the J␥1 coding end has very little nucleotide deletion (⌬ ϭ 1.1) and a high proportion of sequences with P nucleotides (%P ϭ 38), while VH11 shows a higher ⌬ value (⌬ ϭ 2.8) and contains only 17% P regions. Figure 4A shows that J␥1 and VH11 processing profiles are indeed different, especially for their P region addition. To rule out the possibility that the more 5Ј internal part of the VH11 sequence can account for the difference observed with the J␥1 coding end, we designed a variant of J␥1 consisting of a 12-bp complementary sequence (J␥1m2) (Fig. 2Bb and Table 3 ). The processing profile of J␥1m2 is very similar to that of VH11 (Fig. 4B ) but quite different from that of J␥1 (Fig.  4C) . As with VH11, most of the processing occurs around A 0 . J␥1m2 also displays 15% P region addition, similar to that of VH11 but much lower than that of J␥1 (Table 3) . These results clearly indicate that complementary coding ends are not equivalent targets for P region formation. Do nicks which give rise to deletion also show this recognition of polarity? To test if complementary internal motifs are equivalent targets for double-strand nicks or single-strand nicks on both strands, we analyzed the processing of D␤m9, a variant of D␤m10 in which the internal TAT motif has been changed to the complementary sequence ATA (Tables 2 and  3 ). As shown in Fig. 4D , much of the D␤m9 processing takes place at the poly(C)-ATA border, as was previously seen for D␤m10. However, a different processing pattern appears at the location of the complementary sequence ATA and further 3Ј. This indicates that the processing of internal motifs is also asymmetrical. In summary, these results clearly show that complementary coding-end sequences are not equivalent targets for nicks, which suggests that there are (i) structural differences of complementary coding-end sequences or complementary motifs in a DNA hairpin and (ii) enzymatic recognition of these differences.
Minimal changes can affect coding-end processing. To try to understand further the role of specific motifs in P-region formation, we compared variants from the J␥1 coding end, in which nucleotide changes are located either directly in the motif giving rise to P regions or in unrelated motifs. J␥1 and D␤m4 both end with 5Ј CTAT 3Ј, but have very different 5Ј VOL. 17, 1997 NUCLEOTIDE DELETION, P ADDITION, AND PROCESSING 3773 sequences ( Table 3 ). The radical difference in processing between these two coding ends (Table 3 and Fig. 5A ) illustrates the strong influence of the 5Ј part of the sequence on P-region formation. One reason for this strong influence is that the frequent internal deletion of part of the coding end in D␤m4 eliminates potential P-region formation. However, the more internal 5Ј sequence may also have an important role in shaping a general hairpin structure, including the structure of the tip of the hairpin. In this respect, an interesting variant is J␥m6, in which the G 6 position of the original J␥1 sequence has been changed to A 6 (Table 3 ). This change does not significantly affect the general processing profile (Fig. 5B) , with the important exception that it abolishes the very frequent P ϩ2 formation of the original J␥1 coding end. Thus, a single nucleotide change in a remote 5Ј location can have an important influence on P formation. A converse example is shown with the J␥m4 variant, in which the only change from the J␥1 coding end is A 1 to G 1 at the tip of the hairpin (Table 3) . In J␥1, a preferential nicking site between T 2 and A 1 (or between a 2 and t 1 on the complementary strand) gives rise to over 20% of t ϩ2 P nucleotides (Fig. 5C) . Surprisingly, the conservation of the A 1 position is not required for this P formation, since the change to G 1 in J␥m4 gives similar P formation (Fig. 5C ). However, a slight effect is observed at more internal positions, which suggests that a single nucleotide change in the tip (and possibly in the hairpin loop) can also modify more 5Ј internal processing.
In conclusion, these results confirm the previous observation that the different motifs are effective in a specific context and suggest that minimal changes in key positions may affect a general equilibrium produced by a given hairpin structure.
Role of A ⅐ T versus G ⅐ C motifs. The results described above indicate that the influence of local specific motifs on coding-end processing is dependent on the context in which the motifs are found. This suggests that each unique coding end has a particular hairpin structure, which implies that general rules concerning the effect of one specific motif are difficult to assess, even when coding ends with minimal changes are com- pared. In our previous in vivo study, however, we observed an overall correlation between the extent of deletion and the presence of A ⅐ T-rich motifs. We therefore looked for a similar correlation in vitro. The particular cases of D␤1.1 and its variants will not be discussed here because the extent of deletion is mainly dependent on the location of the motif disrupting the poly(C) structure. For coding ends containing mixed nucleotides, however, Table 4 shows that all sequences with numerous or long stretches of A ⅐ T's and few stretches of G ⅐ C's have high ⌬ values (3.0 Ն ⌬ Ն 2.3) but that coding-end sequences rich in G ⅐ C stretches and few or no A ⅐ T stretches have low ⌬ values (1.5 Ն ⌬ Ն 1.0). Thus, as we found previously in vivo, we confirm that in vitro there is an overall striking correlation among the presence of internal stretches of at least three A ⅐ T nucleotides, the absence of stretches of G ⅐ C, and high average levels of nucleotide deletion.
DISCUSSION
To understand how specific motifs in the coding ends influence processing, we generated a series of recombination substrates containing various coding-end cassettes and compared coding ends containing minimal nucleotide variations. Our results show that (i) the processing patterns are reproducible in vitro, confirming our previous in vivo results showing that each coding end has a nonrandom, specific, and reproducible processing pattern (7, 27) ; (ii) as was found previously in vivo, in vitro there is an overall striking correlation among the presence of internal stretches of at least three A ⅐ T nucleotides, the absence of stretches of G ⅐ C, and high average levels of nucleotide deletion; (iii) some specific motifs, such as poly(CG) homopolymeric stretches, constitute very unfavorable sites for processing, while others, such as those in which the poly(CG) stretches are disrupted by any motif tested (TAT, TGT, or ATA), constitute very favorable sites for processing; (iv) nicking on both strands of the hairpin is probably a major mode of nucleotide deletion; (v) the influence of local specific motifs on coding-end processing is dependent on the context in which they are found; (vi) complementary coding-end sequences are not equivalent targets for nicks; (vii) minimal nucleotide changes in key positions of the coding end can dramatically affect its processing; (viii) the processing of one coding end is mainly independent from the processing of its joining partner; and (ix) the location of the coding end relative to the 12-or 23-bp RSS has no influence on coding-end processing. 
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a All coding-end sequences are shown 5Ј33Ј towards the RSS. Boldface characters represent A ⅐ T stretches of at least 3 nucleotides in length.
b Numbers of A ⅐ T or G ⅐ C stretches are shown with the lengths of the stretches (in nucleotides) in parentheses.
c Ordered by decreasing values. Associated 95% confidence intervals are shown.
A common mechanism for P-region formation and nucleotide deletion? In this study, we clearly showed that coding-end sequence is a major determining factor of coding-end processing. This nonrandom nucleotide deletion from the coding ends at preferential sites could be accounted for by two potential mechanisms: (i) nicks on both strands of the coding end hairpin at preferential sites in the coding end sequence and (ii) a nick at the tip of the hairpin allowing hairpin resolution and subsequent differential trimming of certain motifs from the ends by exonuclease activity. Several lines of evidence support the hypothesis that deletion is the result of nicks on both sides of the hairpin. First, nicks are necessary to resolve the hairpin into free ends before ligation, and the presence of P nucleotides shows that single-strand nicks are not taking place only at the tip of the coding end. Furthermore, the observation that P regions of more than 2 nucleotides exist in joints from normal mice (references 20, 25, 27, and 28, this study, and our unpublished observations) demonstrates that single-strand nicks can also take place more internally in the stem of the coding-end sequence and are not limited to the hairpin loop (which usually consists of only 2 or 4 nucleotides in fully complementary hairpins such as coding ends; see below). One interesting possibility is that this type of internal single-strand nick(s) on one side of the hairpin stem may have more difficulties in unwinding the hairpin than a single-strand nick at the hairpin loop, due to the presence of the base pairing in the stem. This time frame may allow a second nick to occur on the opposite strand, leading to the deletion of part of the coding end. This possibility is supported by the rare coding joints found in SCID mice, in which hairpin intermediates accumulate as the result of a low frequency of nicks and in which long P regions, up to 15 nucleotides, are found (16, 32) . Second, addition of N nucleotides does not affect the extent of nucleotide deletion in the resulting coding end, suggesting either that exonuclease activity happens first, followed by TdT activity, or that there is little or no exonuclease activity during coding-end processing (28) . Third, exonuclease activity is linear in that it has to hydrolyze one by one the nucleotides of a given strand in a given time frame until an unfavorable structure, such as poly(C), halts its progress. However, we have in this study several examples for which this is very unlikely. For example, in the D␤ series, if exonuclease needs a certain time frame to hydrolyze 5Ј TATCCC 3Ј (D␤m1), it is reasonable to think that it needs a similar time frame to hydrolyze 5Ј CCCTAT 3Ј (D␤m3) and that it would give rise to similar processing patterns. On the contrary, we observed that the processing always takes place preferentially at the poly(C)-TAT border, regardless of the presence of a blocking structure, such as CCC (D␤m1, D␤m3, and D␤m4) (Fig. 3) , in front. Other examples are D␤m10 and D␤m11 or J␥1 and J␥m6 (Fig. 3 and 5) , in which one nucleotide change in a remote location affects the processing pattern at the tip. Altogether, these lines of evidence support a model in which P nucleotides are formed by single-strand nick(s) on one strand of the hairpin and nucleotide deletion is mainly due to single-strand nicks on both strands of the hairpin. This model does not preclude subsequent limited exonuclease activity.
Specific local motifs and general hairpin structures as determinants of coding-end processing. In this study, we found individual motifs which seem to favor or disfavor nicks. For example, the particular structures created by homopolymeric nucleotides, such as three or more C's located anywhere in the coding end sequence, clearly constitute very unfavorable sites for nicks. It is probable that homopolymeric stretches constitute particular secondary structures, including unusual stacking (3, 33) . We can therefore envision that the phosphodiester bond between the last nucleotide of the homopolymer and any other nucleotide forms a dramatic disruption of the stacked structure. Such a disruption may create a particularly exposed site, very favorable for endonuclease activity.
Another intriguing example is the particular processing displayed around A nucleotides. The VH11 sequence, for example, contains alternating A's and mixed nucleotides (5Ј G 5 A 4 G 3 A 2 T 1 A 0 3Ј). Its processing shows a sawtooth pattern (Fig.  4A ) with lower percentages of sequences ending with A 0 , A 2 , and A 4 and higher percentages of sequences ending with T 1 and G 3 . Similarly, the J␥1 pattern shows lower percentages of sequences at A 1 and a ϩ1 than at T 2 , T 0 , and t ϩ2 (Fig. 4A) . Another coding end showing similar results is D␤m9 (5Ј C 6 A 5 T 4 A 3 C 2 A 1 T 0 a ϩ1 3Ј), in which all A positions are low and surrounding positions are high (Fig. 4D ). This suggests that in the appropriate context, the 5Ј N-A 3Ј bond may constitute a particular favorable site for nicks. Although this phenomenon is not seen in every case, probably because numerous other motifs act simultaneously, it is still observed for a large proportion of the coding ends studied. This observation is consistent with the study of Kabotyanski et al., which analyzed the hairpin opening in solution with single-strand-specific nucleases and found a tendency of both P1 and mung bean nucleases to cleave phosphodiester bonds involving this nucleotide (14) .
We also confirm in vitro and extend our previous in vivo observation that there is an overall striking correlation among the presence of internal stretches of at least three A ⅐ T nucleotides, the absence of stretches of G ⅐ C, and high average levels of nucleotide deletion. Based on this observation, we previously proposed a simple model in which weaker pairing of stretches of A ⅐ T nucleotides would form more frequent open structures, creating favorable sites for multiple single-strand nicks (27) . Data presented here allow us to refine this model. If such open structures promoted multiple single-strand nicks in a random fashion, we predicted that complementary motifs like TAT and ATA would be equivalent targets. We found that this is not the case and that complementary strands or coding ends differing only in their complementary motifs display different processing patterns (Fig. 4) . This suggests structural differences of the complementary strands of the DNA hairpin and enzymatic recognition of these differences. One possibility is that the endonuclease(s) performing the nicks recognizes a 5Ј33Ј polarity in the sequence and cuts accordingly. For example, as already described above, the 5Ј N-A 3Ј bond may constitute a favorable site for nicks whereas the reverse motif, 5Ј A-N 3Ј, might not. However, another nonexclusive possibility is that complementary coding ends, or even complementary motifs in a hairpin, do not form identical secondary structures. Thus, they may or may not constitute a preferential site or give rise to different preferential sites which will be processed differently. This is in keeping with the observation by Kabotyanski et al. showing that P1 nuclease and mung bean nuclease cleavage sites of DNA hairpins in solution do not simply follow a given motif when they are inverted but rather are changed to new sites, indicating that simple sequence preferences are not the major determinant of the locations of hairpin opening (14) . In fact, several lines of evidence in our analysis support the possibility that individual motifs do not play independent roles in processing and that a more general structure of the DNA hairpin is an important factor to consider. First, the context in which a motif is found is the determinant for the processing pattern. For example, the same CAT motif constitutes a favorable site for nicking in the context of a competing TAT motif (D␤m10) ( Table 2 and Fig. 3E) but not in the context of a competing TGT motif (D␤m11) ( Table 2 and Fig. 3F ). Thus, two motifs a priori favorable for nicks can either act indepen-dently or compete upon a single nucleotide change in the sequence. Second, we showed that a single nucleotide change in a remote 5Ј location can have a dramatic influence on Pregion formation (e.g., J␥1 versus J␥m6) (Table 3 and Fig. 5B ). Conversely, a single nucleotide change at the tip of the hairpin can also affect more internal processing (J␥1 versus J␥m4) ( Table 3 and Fig. 5C ). Taken together, these results suggest that minimal changes in key positions of the coding end may affect a general hairpin structure.
Could the structures creating preferential sites for nicking result from a complex interplay between local motifs and the general hairpin structure? A DNA hairpin is made up of two parts: a base-paired stem and a single-stranded loop connecting the two halves of the stem. Structural studies have shown that the loop of fully complementary hairpins generally adopts a 2-or 4-unpaired-nucleotide structure, due to the tremendous steric constraints imposed by the bonding of the last two nucleotides (29, 35, 36) . A DNA hairpin has therefore to be seen as a dynamic equilibrium adopting the more favorable energy conformation under a given steric stress. Numerous factors are involved in the counterbalance of stabilities of the loop and the stem regions and determine the predominant conformations of the hairpin (5, 10) . One very relevant factor is the effect of the base sequence of DNA hairpins on hairpin stability and loop folding (2, 13, 29, 36) . For example, Blommers et al. have shown that the same hairpin will have a loop of 2 or 4 nucleotides upon a single nucleotide change in position N 1 (2) . Also, Pieters et al. have shown that the DNA hairpin structure can be different from the common linear stem-loop representation (29) . They describe a complex equilibrium between nucleotides forming the stem and the loop that involves a sharp turn at the 5Ј33Ј loop-stem junction, leading to stacking discontinuity, the sliding of the n ϩ1 nucleotide from the complementary strand over the 5Ј side, and the swinging of N 0 into the minor groove. Again, this folding is totally different upon a single nucleotide change. Furthermore, several studies have shown that the secondary structures of DNA hairpins can affect enzyme recognition and cleavage. For example, it has been shown that the activity and sites of cleavage of single strandspecific nucleases are dependent on the structure and size of the hairpin loop and on structural distortions of nucleotides in the vicinity (14, 36) . Also, Froelich-Ammon et al. (8) have shown that topoisomerase II, which is believed to mediate nonhomologous recombination events in the cell, cleaves DNA hairpins in a site-specific fashion. Moreover, they show that the secondary structure rather than the sequence of the oligonucleotide is the dominant feature recognized by the enzyme (8) .
Based on these studies and on our results, we propose that each coding end sequence gives rise to a unique hairpin structure, due to a particular energy conformation between nucleotides organizing the loop and the stem. Each unique hairpin structure creates a unique combination of preferential sites for nicks, giving rise to a unique processing pattern. Minimal changes of key positions holding this structure modify the equilibrium towards a new conformation, creating new preferential sites for nicks to take place.
Thus, the complexity of the mechanisms governing coding end processing may be the result of a complex interplay between local motifs present in the primary sequence and unique secondary hairpin structures. Some local motifs, like the 5Ј N-A 3Ј phosphodiester bond, may constitute favorable sites for nicks in most general hairpin conformations, while some other favorable sites may be created only in the context of a particular general hairpin structure.
